Motivation: Genomic imprinting is regulated by lncRNAs and is important for embryogenesis, physiology and behaviour in mammals. Aberrant imprinting causes diseases and disorders. Experimental studies have examined genomic imprinting primarily in humans and mice, thus leaving some fundamental issues poorly addressed. The cost of experimentally examining imprinted genes in many tissues in diverse species makes computational analysis of lncRNAs' DNA binding sites valuable. Results: We performed lncRNA/DNA binding analysis in imprinting clusters from multiple mammalian clades and discovered the following: (i) lncRNAs and imprinting sites show significant losses and gains and distinct lineage-specificity; (ii) binding of lncRNAs to promoters of imprinted genes may occur widely throughout the genome; (iii) a considerable number of imprinting sites occur in only evolutionarily more derived species; and (iv) multiple lncRNAs may bind to the same imprinting sites, and some lncRNAs have multiple DNA binding motifs. These results suggest that the occurrence of abundant lncRNAs in mammalian genomes makes genomic imprinting a mechanism of adaptive evolution at the epigenome level.
Introduction
In humans and mice the expression of approximately one hundred genes is restricted to either the maternally or paternally inherited allele (Barlow and Bartolomei, 2014) , these genes are called imprinted genes. The paternally expressed Igf2 and maternally expressed Igf2r, whose imprinted expression is essential for embryonic growth control, are two examples. Recent studies have revealed that there are more imprinted genes than previously estimated, that genomic imprinting also occurs in marsupials and flowering plants (Luo et al., 2011; Smits et al., 2008) , and that genes are imprinted in foetal and placental tissues as well as postnatal tissues (especially the brain) (Baran et al., 2015) . Thus, genomic imprinting is important for not only embryonic growth control but also physiology and behaviour (Keverne et al., 2015) . Dysregulated imprinting causes diseases, including cancers and mental disorders (Jelinic and Shaw, 2007; Meng et al., 2012) .
Genomic imprinting in eutherians shows several commonalities (Barlow and Bartolomei, 2014) : imprinted genes are clustered together, each cluster contains at least one long noncoding RNA (lncRNA), some imprinting clusters are conserved, and both DNA methylation and histone modification are involved in genomic imprinting. The wide relevance of genomic imprinting to human behaviours and diseases has prompted researchers to examine what genes are imprinted and through what mechanisms, mainly in mice. Many lncRNAs bind to specific genomic sites by forming triplexes with the DNA duplex, through which they recruit DNA and histone modifying enzymes to these sites (Lee, 2009; Tsai et al., 2010) , yet few experimental studies have accurately determined lncRNA/DNA binding motifs and binding sites. To explain various imprinting phenomena and why imprinting occurs, multiple and occasionally conflicting models have been proposed (Patten et al., 2014; Spencer and Wolf, 2014; Wood and Oakey, 2006) . However, it is inadequate and unreliable to explain imprinting in mammals on the basis of findings from humans and mice alone, and research has not yet addressed the extent to which lineage-specific (including clade-specific and species-specific) lncRNAs determine genomic imprinting. Examination of imprinting sites in diverse species is important to decipher the origin, evolution, mechanisms and functions of genomic imprinting.
Beause lncRNA/DNA binding follows specific base pairing rules (Duca et al., 2008) , binding motifs (e.g. TFOs, Triplex Formation Oligonucleotides) and binding sites (e.g. TTSs, Triplex Targeting Sites) can be computationally predicted (Buske et al., 2012; He et al., 2015) . Here we report our analyses of TFOs of multiple lncRNAs and their TTSs in imprinting clusters in diverse species by using LongTarget, a program that we developed (Table 1) (He et al., 2015) . Our results indicate that both imprinting sites and their controlling lncRNAs have undergone significant losses and gains during mammalian evolution and show distinct lineage-specificity. Moreover, multiple lncRNAs may bind to the same genomic sites, and some lncRNAs have multiple TFOs; these interactions unveil new dimensions of complexity in genomic imprinting and lncRNA function.
Results

Genomic imprinting undergoes losses and gains
We searched potential orthologues of human Airn, H19, Gnas-AS1, Kcnq1ot1, Meg3, Meg8 and Ube3a-AS1 in 24 species (Table  1 , Supplementary Data 1). These lncRNAs control imprinting clusters in humans and mice (Barlow and Bartolomei, 2014; Ferguson-Smith, 2011) . Orthologues of these lncRNAs (hereafter referenced by species and lncRNA name; e.g. chimpanzee Airn) were found only in eutherians. The reliability of our genome search was supported by the reasonable results, very low Infernal E-values, and the whole genome alignment in the UCSC Genome Browser ( Supplementary Fig. S1 , Supplementary Data 1). H19 has nearly identical sequences in humans and mice (see Supplementary Fig. S1C ). Orthologues of H19 were identified in species as ancient as the elephant, but were rarely found in prosimians and rabbits. In contrast, no orthologue of human Airn was identified in mice (or other rodents) (Table 1, Supplementary  Fig. S1AB ), and a clear orthologue of the GENCODE-annotated mouse Airn was identified in rats. These findings (human and mouse Airn are conserved only in simians and rodents, respectively) indicate that Airn and the Igf2r imprinting cluster have independent origins in primates and rodents. The similar functions of Igf2 and Igf2r in different mammals, with evolutionarily conserved H19 and lineage-specific Airn, indicate convergent evolution of some imprinting regulators.
We also found that the lineage-specific lncRNAs Airn and Kcnq1ot1 contain more transposons than other lncRNAs and that their transposons contribute directly to TFOs ( Supplementary Fig.  S1 , Supplementary Data S2). These findings indicate that lineagespecific transposons significantly determine lineage-specific genomic imprinting and support the hypothesis that considerable genomic imprinting may undergo lineage-specific losses and gains. Because human and mouse Airn and Kcnq1ot1 have orthologues only in species close to humans and mice, and the highly conserved human H19 has fewer exons in prosimians (tree shrews, mouse lemurs and tarsiers) than in simians (Table 1) , we reason that a considerable number of lncRNAs, and thus genomic imprinting sites, may occur or mature only in evolutionarily more derived species. Thus, many imprinting sites may be beneficial, instead of essential, for the organisms that carry them.
Evolutionarily distinct lncRNAs bind to the same sites
We next used LongTarget to predict TTSs of these lncRNAs in imprinting clusters. In agreement with imprinted genes in the Igf2r cluster in humans and mice, Airn in humans and chimpanzees binds to the promoters of Igf2r, Slc22a2 and Slc22a3, and mouse Airn, inspite of its distinct origin and sequence, also binds to the promoters of Igf2r, Slc22a2 and Slc22a3 ( Supplementary Fig. S2 ). However, macaque and marmoset Airn bind to only the Slc22a2 promoter and Slc22a3 promoter ( Supplementary Fig. S2 ), and the orthologue of mouse Airn in rats binds to only the Igf2r and Slc22a3 promoters. The human and macaque Airn sequences are highly similar. To reveal why macaque Airn has fewer TTSs than human Airn does, we cross-examined the binding of human and macaque Airn to the macaque and human Igf2r clusters. Macaque Airn generated Guinea and lemur are guinea pig and mouse lemur, respectively. i/j (or (j)) in each cell indicate that totally i exons were identified and the exon orthologous to the human exon j contains TFO1 (or TFO2). 0, -and # indicate no orthologue, no (or few) TTSs and GENCODE-annotated sequences in mice, respectively. The values in the 'mouse' row indicate, for example, that no orthologue of human Airn was identified in mice, and values in the 'mouse #' row indicate that the GENCODE-annotated mouse Airn has 8 exons and TFO1 is predicted in exon 4. LncRNAs with conserved TFO1 position are in bold. No orthologue was found in wallabies, opossums, or platypuses.
four binding sites (the promoters of Igf2r, Slc22a1, Slc22a2 and Slc22a3) in the human Igf2r cluster, but human Airn generated one binding site (the Slc22a2 promoter) in the macaque Igf2r cluster ( Supplementary Fig. S2 ). These results indicate that, in this case, the DNA sequence of the macaque Igf2r cluster is responsible for the small number of binding sites. The whole genome alignment in the UCSC Genome Browser reveals that the two short sequences orthologous to the human Igf2r and human Slc22a3 promoters are absent in macaques (Supplementary Fig. S2 ).
Macaque Airn's TFO1 and TFO2 generated similar numbers of TTSs (Supplementary Data 3) . If the designations TFO1 and TFO2 are switched, then all instances of the Airn TFO1 in simians share a conserved feature (A-rich) and position (in exon1). Although human Airn is absent in rodents, it has an orthologous exon (exon1) in horses, and this exon also contains an A-rich TFO1 that can bind weakly to the promoters of Slc22a2 and Slc22a3 (Supplementary  Data 3) . Given that TFO1 of mouse Airn is also A-rich, these results indicate that lncRNAs' TFOs are more conserved than other regions and that lncRNAs of different origins may evolve the same or similar TFOs.
The reciprocal imprinting of Igf2 and H19 is traditionally explained by CTCF binding at an imprinting control region (ICR) (Hark et al., 2000) . However, new findings reveal that the traditional model may not explain imprinting of Igf2 in all cells, because CTCF activity at the H19/Igf2 ICR varies by cell type (Ideraabdullah et al., 2014) . Recently, H19 has been shown to repress several imprinted genes by binding to these genes with repressive DNA or histone modifiers (Gabory et al., 2009; Monnier et al., 2013) . We found that H19 has a T-rich TFO1 in the highly conserved exon4 in all eutherians in which the orthologue of H19 is found (except in the three prosimians and the squirrel) (Table 1; Supplementary Data 3), that this TFO1 binds to the Igf2 promoter, and that a 68 bp sequence in a differentially methylated region (DMR) of human Igf2 exactly matches a TTS of human H19 TFO1 (Fig. 1, Supplementary Fig. S3 ). Moreover, this 68 bp sequence is conserved in multiple mammals and, may be a binding site for a repressor, and a single nucleotide transition leads to a 3-fold greater postnatal expression of Igf2 in cattle skeletal muscle (Huang et al., 2014) , thus supporting the hypothesis that this TTS/DMR is an important site for growth control.
Gnas-AS1 is conserved, but Kcnq1ot1 is lineage-specific. Simian Gnas-AS1 has a G-rich TFO1 in exon1; mouse Gnas-AS1 (Nespas) has a TGC-rich TFO1 in exon3; cow and microbat Gnas-AS1 have a G-rich TFO1 in exon5; but all of these TFO1s bind to the Gnas promoter ( Supplementary Fig. S4 ). Human Kcnq1ot1 has an A-rich TFO1, whereas the GENCODEannotated mouse Kcnq1ot1 has a TC-rich TFO1 (Supplementary Data 3), but both human and mouse Kcnq1ot1 bind to similar sites in the Kcnq1 cluster (Supplementary Fig. S17 ; Supplementary Fig. S5 ; Supplementary Table 1) . These results indicate that evolution has made some lncRNAs use different forms of TFO1 to bind to the same imprinting sites.
LncRNA binding sites show lineage-specific variations
Kcnq1ot1 regulates the imprinting of nearly 10 genes in the human and mouse Kcnq1 clusters (Murakami et al., 2007; Pandey et al., 2008) , thus providing a system for examining the evolution and lineage-specific differences of imprinting clusters. Our analyses indicate that imprinting in the Kcnq1 cluster may have occurred in dogs, sheep and cows, because considerable numbers of Kcnq1ot1 binding sites are predicted in these species. In primates from macaques to humans, the number of Kcnq1ot1 binding sites progressively increases, from the promoters of Kcnq1, Kcnq1dn and Cd81 to the promoters of Slc22a18, Phlda2 and Ascl2, and further to the promoters of other genes (Supplementary Table 1 ). The height of TTS peaks (indicating the density of triplexes at TTS sites) also increases gradually. These results indicate that imprinting in the Kcnq1 cluster has evolved significantly in primates. Because primates are evolutionarily more advanced than Laurasiatheria, the finding that Kcnq1ot1 has fewer TTSs in tarsiers (and rabbits) than in sheep, cows and dogs makes it difficult for current hypotheses (such as the parent-offspring conflict hypothesis) to explain the origin and evolution of the Kcnq1 cluster, because these hypotheses assume that imprinting occurred in placental mammals for growth control (Wood and Oakey, 2006) .
Epigenomic silencing of transposons in somatic cells suggests that some lineage-specific lncRNAs have TTSs at or near lineagespecific transposons. Indeed, TTSs at human-and mouse-specific transposons in the Kcnq1 and Igf2 clusters were identified (Supplementary Fig. S18 ; Supplementary Fig. S5 ), but the strongest TTSs were often at simple repeats and low complexity sites. Moreover, the distribution of simple repeats in some imprinting clusters is highly distinct (Supplementary Fig. S6 ), thus suggesting significant yet unidentified roles in genomic imprinting (Neumann et al., 1995) .
Some lncRNAs may have multiple TFOs
The predicted TTSs of Meg3, Meg8 and Meg9 in the Dlk-Dio3 cluster revealed that these lncRNAs may bind redundantly to Dlk, Dio3 and two other sites in humans, chimpanzees and mice ( Supplementary Fig. S7 ), thus providing the first evidence that multiple lncRNAs may concurrently or separately control imprinting at the same sites.
Whether lncRNAs (especially those that have multiple transcripts and are very long) may contain multiple TFO has not been examined, either experimentally or computationally. We found that human Kcnq1ot1 TFO1 (A-rich, at 79,039 bp), TFO2 (A-rich, at 72,303 bp), TFO3 (AG-rich, at 91,096 bp), TFO4 (A-rich, at 79,055 bp) and TFO5 (A-rich, at 83,763 bp) generate 3,413, 1,091, 1,136, 136 and 870 TTSs, respectively ( Supplementary Fig. S18 , Supplementary Fig. S5 ), strongly indicating multiple TFOs. Supporting evidence has come from reports that long Kcnq1ot1 transcripts silence the flanking genes more efficiently than short transcripts and that the deposition of inactive chromatin-specific histone modifications is higher for longer transcripts than shorter transcripts (Kanduri et al., 2006) . Human Meg9 and Snhg24 may also have multiple TFOs (Supplementary Fig. S7 ). It is possible that some lineage-specific lncRNAs with multiple TFOs have TFOs targeting lineage-specific transposons.
H19 may control a cascade of genomic imprinting
In human and mouse foetal tissues, paternally expressed Igf2 promotes, but maternally expressed Cdkn1c represses, cell cycle progression, and paternally expressed Kcnq1ot1 silences Cdkn1c (Ager et al., 2008) . Under the assumption that growth control should be coordinated, we reason that both Igf2 and Kcnq1ot1, which promote foetal growth, may be imprinted by H19. Indeed, we found that H19 has a clear TTS at the promoter of Kcnq1ot1 in humans and mice ( Supplementary Fig. S18-S19) , as supported by strong histone modification and DNA methylation signals at the site in humans, and by the observations that a 244 bp deletion of the promoter on the paternal allele of Kcnq1ot1 leads to derepression of all the silent genes in the Kcnq1 cluster and that in mice the Kcnq1ot1 promoter is selectively heavily methylated on the maternal chromosome (Mancini-Dinardo et al., 2006) .
The predicted H19 binding site at the Kcnq1ot1 promoter suggests that H19 may control more imprinted genes. It has recently been reported that H19, with the methyl-CpG-binding domain protein 1 (MBD1), regulates imprinted expression of multiple genes, including Igf2, Igf2r, Gnas, MEST (Peg), Slc38a4, Dlk1, Cdkn1c and Gatm (Gabory et al., 2009; Monnier et al., 2013) . We further examined H19 binding sites in these genes in humans and mice. H19 has binding sites at the promoters and an identified DMR of Igf2, at the promoters of Igf2r, MEST, Gnas, Slc38a4, Gatm, Dlk1, and at two large CpG islands covering the promoter and exons of Cdkn1C ( Supplementary Fig. S9-S16 ). ENCODE Histone Modification and DNA Methylation signals at these binding sites show distinct features in different cell lines. H19 binding sites at multiple genes within and outside the Igf2 cluster may represent only a small part of cascades or networks of genomic imprinting control.
Discussion
The lack of details on genomic imprinting in many mammals other than humans and mice makes the origin, evolution, mechanisms, and functions of genomic imprinting inadequately and controversially explained (Patten et al., 2014; Spencer and Wolf, 2014) . Recent studies have revealed that H19 recruits MBD1 to multiple genes outside the Igf2 cluster (Gabory et al., 2009; Monnier et al., 2013) and that Airn recruits the G9a HMTase to genes in the Igf2r cluster (Nagano et al., 2008) , thus reinforcing the idea that lncRNAs regulate genomic imprinting by recruiting histone and DNA modifiers to specific genomic sites. It is therefore important to analyse lncRNA/DNA binding in imprinting clusters and even genome-wide. Our analyses of lncRNA/DNA binding are supported by experimentally identified imprinted genes in humans and mice, by ENCODE Histone Modification and DNA Methylation signals, by the whole genome alignment in the UCSC Genome Browser, and by recent experimental findings. The analyses of the primate-and rodent-specific forms of Airn and Kcnq1ot1 suggest that genomic imprinting evolved after not only the divergence of eutherians/marsupials and monotremes but also the divergence of different mammalian clades, and that the imprinting of considerable genes is accompanied by, or subsequent to, the gain or regain of lineagespecific lncRNAs (Supplementary Fig. S20 ). When new lineages form, some imprinting sites are established or reestablished, but others may be lost. The highly conserved imprinting of Igf2 in foetal tissues suggests a conserved mechanism controlling foetal growth, and the less conserved imprinting of Igf2r in placental tissues suggests a frequently revised and more lineage-specific mechanism controlling nutrient transfer from the mother to the foetus.
Our analyses also raise new questions. One question is why lncRNA/DNA binding in some imprinting clusters occurs in humans and mice but not in more ancient primates and rodents. We posit that both essential (and more conserved) and inessential (and less conserved) genomic imprinting exist, and the latter may be associated with lineage-specific traits and established only in evolutionarily more derived species. This postulation has the following supports. First, Igf2r is imprinted in Artiodactyla (cows, pigs and sheep) and marsupials (opossums), but not in Scandentia (tree shrews) (Killian et al., 2000) , and some are specifically imprinted only in Glires (Okamura et al., 2008) . Second, deletion of the DMRs in H19 and Gtl2 alone allows more efficient generation of semi-cloned mouse embryos (Zhong et al., 2015) . Third, even within simians, differences in imprinting exist between species (Cheong et al., 2015) . Fourth, a considerable number of human lncRNAs may contain all exons only in simians (He et al., 2013) . This hypothesis may explain why traditional theories poorly explain genomic imprinting (Patten et al., 2014; Spencer and Wolf, 2014; Wood and Oakey, 2006) , because they assume that all genomic imprinting is equally important.
Genomic imprinting may have arisen as a by-product of a DNA methylation mechanism that silences foreign DNA (Barlow, 1993; Suzuki et al., 2007) . We identified lncRNA TTSs at SINE, LINE and LTR, but some strong TTSs are often at simple repeats (other strong TTSs are often at CpG). The second question is whether TTSs at simple repeats are false positives of prediction. Because ncRNA:DNA base pairing rules determine the coincidence between certain TTSs and simple repeats, the question therefore involves, first, whether simple repeats occur randomly and, second, whether simple repeats are methylated. Many CpG sites are epigenomic modification sites, and the CpG distribution in some humanspecific genes indicates evolutionary selection (Hernando-Herraez et al., 2015) . Because simple repeats distribution is distinct in some imprinting clusters, it is unlikely that they occur randomly, but it is unclear whether they are methylated.
Gene interactions favouring coadaptation may also favour genomic imprinting (Wolf, 2013) . Our results suggest that losses and gains of lineage-specific imprinting sites are a type of epimutation and reflect coadaptation between not only opposite growth regulators (e.g. Igf2/Igf2r), but also growth regulators and imprinting regulators (e.g. Igf2r/Airn) as well as upstream and downstream imprinting regulators (e.g. H19/Kcnq1ot1). Moreover, many imprinting sites may be merely beneficial, instead of essential, for controlling embryonic growth and other phenotypic traits. Some beneficial sites may become essential in evolutionarily more derived species, owing to further selection and adaption.
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